A novel practical and efficient catalyst-free method for the synthesis of 5-substituted 1,3,4-oxadiazole-2-thiols has been developed, which is assisted by reaction solvent (DMF). e solvent effects on product selectivity were studied based on Onsager's reaction �eld theory of electrostatic solvation. e ab initio theoretical studies on the effect of solvents on the process also supported the suitability of DMF as the reaction medium for the preparation of 1,3,4-oxadiazole-2-thiol derivatives.
Introduction
1,3,4-Oxadiazole-2-thiol(thione) derivatives are an important class of �ve-membered heterocyclic compounds that have attracted much attention due to their applications as key intermediates in organic synthesis [1] [2] [3] , biological activity studies [4] [5] [6] , and theoretical chemistry [7] [8] [9] . 1,3,4-Oxadiazole-2-thiol derivatives display various types of biological activities [10, 11] , including antibacterial, antimycotic, anti-in�ammatory, hypotensive, fungicidal, and anticonvulsant activities [12] . Recently, they were also found as transcinnamate 4-hydroxylase (C 4 H) [13] and glycogen synthesis kinase-3 (GSK-3 ) inhibitors [14] . In addition, their derivatives play an important role in the �eld of coordination chemistry because of their potential multifunctional donor sites, via either exocyclic sulfur or endocyclic nitrogen atoms [15, 16] .
Although many studies have been reported concerning the biological activities and structural investigations of 1,3,4-oxadiazole-2-thiol derivatives, we have found only few procedures describing the synthesis, and no reports concerning the effect of solvent on the synthesis and tautomerization of these compounds in the literature. By far, the most common strategy for the synthesis of 1,3,4-oxadiazole-2-thiols involves the interaction of acid hydrazides with carbon disul�de in the presence of alcoholic potassium hydroxide [17] [18] [19] [20] . In the past few years, catalyst-free reactions have been noticed as important routes for the development of organic synthesis methodologies due to their environmentally friendly importance and economic advantages [21, 22] . Furthermore, in order to obtain pure 1,3,4-oxadiazole-2-thiols in the presence of a catalyst such as KOH, the reaction mixture should be neutralized because the parent compound of 1,3,4-oxadiazole-2-thiol is acidic ( = 3.85) [23] . is makes the procedure rather difficult and reduces the yield of the product.
In view of the importance of ab initio calculations to study the solvent effects in the synthesis and tautomerization of organic compounds [24, 25] and the above-mentioned issues, we have been prompted to investigate the synthesis of 1,3,4-oxadiazole-2-thiols in solution conditions and to explore the effect of solvent both experimentally and theoretically.
Results and Discussion
To optimize the reaction conditions with regard to the solvent, the reaction of benzhydrazide (1.0 mmol) with carbon disul�de (3.0 mmol) was primarily studied as the model reaction in a variety of accessible solvents at 70 ∘ C ( shown in Table 1 , the best result was obtained in DMF (entry 5). It seems that the polarity of aprotic organic solvents has a great effect on the yield of 1,3,4-oxadiazole-2-thiol. e yield of the product increases with increasing dipole moment of the organic aprotic solvent (Table 1) .
Various aliphatic, aromatic, and heteroaromatic hydrazides were tested in DMF at 70 ∘ C (Scheme 1). Aromatic and heteroaromatic hydrazides gave target products in good to excellent yields (Table 2) , whereas the procedure did not work with aliphatic hydrazide as well as aromatics and heteroaromatic hydrazides to yield target products (Table 2, entry 13).
In fact, from these reactions, we have isolated 1,3,4-oxadiazole-2-thiols 4 with no evidence for the formation of any byproducts such as 1,3,5-thiadiazole 5 or 1,5-dibenzoylthiocarbazide 6 derivatives (Scheme 2).
e results from these experiments encouraged us to investigate the effect of solvent on this reaction theoretically with ab initio Lee-Young-Parr (B3LYP) level of theory using Gaussian 03w soware program [26] on a Pentium IV computer. e structures of two possible tautomers of 1,3,4-oxadiazole-2-thiol(thione) are presented in Figure 1 . e geometry optimizations of the tautomers (I) and (II) were carried out at B3LYP/6-311++G(d,p) with taking into account the polarity of medium in gas phase ( ) and in different solvents using self-consistent reaction �eld (SCRF) method by using SCIPCM solvent model (Table  3) . e values of absolute energy ( ) and solvent-solute interaction energy in Table 3 indicate more stability (more negative value) for both tautomers in more polar solvents ( orders of tautomers stability according to values are as follows (see Table 3 , the values of ):
for tautomer (I),
for tautomer (II),
(1) erefore, the highest calculated HB and Δ HB (difference between HB of both tautomers) values were obtained in DMF and acetonitrile with highest dipole moments. ese �ndings emphasize the role of more polar solvents such as DMF and acetonitrile in the formation of 1,3,4-oxadiazole-2-thiol(thione). Most importantly, it can be seen that tautomer (I) has the lowest solution energy (more stability) in DMF in comparison to tautomer (II), which prefers acetonitrile (Table 3) . Moreover, calculations reveal that the highest dipole moment for tautomers (I) and (II) would be in DMF and acetonitrile, respectively. Herein, these data again support that the formation of (I) (thiol tautomer) is favored over the other tautomer in DMF as reaction solvent.
To ensure that hydrogen bonding with solvents of high polarity has a signi�cant contribution in facilitating the formation of and stabilizing the thiol tautomer, we considered purposefully the changes in bond lengths and angles of two tautomers (Tables 4 and 5) .
e values of C1=N4 and C2=N5 bond lengths (consider Figure 1 and Tables 4 and 5 ) experience maximum increment, while the C2-S17, C1-O3, C2-O3, and S17-H18 bond lengths experience maximum decline in DMF as solvent in comparison with gas phase values for tautomer (I). It is believed that these changes are the consequences of hydrogen bond formation between tautomer (I) and dimethylformamide as solvent. Similar phenomenon is observed for tautomer (II) in acetonitrile proving the idea of solvent assistance for the tautomer selectivity. According to these �ndings, the tautomer (I) is preferred mostly to be formed in DMF as solvent.
e structure of the compounds obtained has been con�rmed by their NMR, IR, and physical properties. e IR spectrum of the product 4 exhibited characteristic weak bands at 3270-3050 cm −1 (NH), 2780-2720 cm −1 (SH), and
Journal of Chemistry 1630-1600 cm −1 (C=N). 1 H-NMR (DMSO-6 ) spectrum of the products 4 showed only one proton as singlet at 14.0-15.5 ppm. is information suggested that the product 4, which was synthesized via the present method, existed mostly in the thiol form in solution, whereas the thiol-thione tautomerism was observed in their solid crystalline forms where the effect of solvent on tautomerism is cancelled. is fact is supported by DFT calculations in gaseous and solution phases. e energy difference between two tautomers is about 10.9 kcal/mol, which is accessible at room temperature (see Table 3 , columns for E, 1 ) and proves the observation of NH and SH bands in IR spectrum. is tautomerism is of course too fast to be observed in NMR.
In summary, we have developed a novel and efficient catalyst-free and solvent-assisted protocol for the synthesis of 5-substituted 1,3,4-oxadiazole-2-thiols with potential synthetic and pharmacological interest. Catalyst-free conditions, excellent yields, a simpli�ed puri�cation process, short reaction times, and safe handling of products are the main advantages of this method. e in�uence of solvents on the progress of the reaction has been studied experimentally and theoretically. DMF, as an accessible polar aprotic solvent, was found as most convenient medium to facilitate this process for the synthesis of 1,3,4-oxadiazole-2-thiols. eoretical calculations using ab initio density functional theory (DFT) at B3LYP/6-311��G(d,p) level of theory con�rmed that dimethylformamide (DMF) assisted the formation of only one of the expected tautomers (tautomer I) as the single observable product of the reaction.
Experimental
Chemicals were purchased from Merck and Aldrich chemical companies. Yields refer to isolated products. Melting points were determined by a Electrothermal 9100 apparatus. e IR spectra were obtained on a FT-IR Hartman-Bomen spectrophotometer as KBr disks. e 1 H NMR (400 MHz) and 13 C NMR (100 MHz) spectra were recorded on a Bruker Avance NMR spectrometer in DMSO-6 solutions. Elemental analyses were done on a Carlo-Erba EA1110CHNO-S analyzer. e progress of the reaction was followed by TLC using silica-gel SIL G/UV 254 plates. Products were characterized by comparing their physical and spectral data with those of the authentic samples [5, 17] .
General Procedure for Synthesis of 5-Substituted 1,3,4-
Oxadiazole-2-thiol Derivatives 4a-m. A mixture of acid hydrazide (1.0 mmol) and carbon disul�de (3.0 mmol) in DMF (2.0 mL) was stirred for 15 min at room temperature. e reaction mixture was then heated at 70 ∘ C for appropriated time (Table 2 ) until the ring closure completed. e reaction progress was checked by TLC monitoring (ethyl acetate: n-hexane (1 : 2)). Aer cooling to room temperature, the reaction mixture was poured dropwise into ice cold water (15 mL) to yield a solid (title compounds 4), which was collected by �ltration, washed with water, and recrystallized from EtOH/water to give compounds 4a-m in good to excellent yields. 
